Pseudoxanthoma elasticum (PXE) is a heritable disorder of the connective tissue. Mutations in the ABCC6 gene could be linked to this disease and, just recently, the c.3421C4T mutation was also associated with a high risk of coronary artery disease. We have now developed new real-time PCR assays for the accurate and rapid determination of the c.3421C4T genotype. Using our new assay, we analyzed the presence of the c.3421C4T mutation in the largest collection of DNA samples from unrelated German PXE patients (n ¼ 64) and in a control cohort (n ¼ 910). For assay setup, two sets of samples with known genotype for the c.3421C4T mutation were analyzed over a period of 14 days. Results were confirmed by restriction endonuclease mapping, sequencespecific PCR and DNA sequencing. In order to ensure that no further mutations or deletions interfered with the c.3421C4T genotyping, we scanned the exon 24 of the ABCC6 gene by DHPLC and investigated the presence of the ABCC6del23-29 deletion in all patients. The assay has been set up on a group of patients with known genotype and validated on 64 PXE patients. In this group four PXE patients (6.3%) were found to be homozygous and 25 (39.0%) to be heterozygous carriers of the c.3421C4T mutation. The common ABCC6del23-29 deletion, possibly interfering with genotype determination, was searched and excluded. Furthermore, two novel mutations in the ABCC6 gene could be identified in two patients. The novel mutations c.3389C4T and c.3341G4A did not interfere with our new assay. Our new c.3421C4T genotyping assays can be used for the rapid identification of this frequent mutation in PXE patients and of the recently newly proposed cardiac risk factor in young patients with myocardial infarcts of unknown origin.
Pseudoxanthoma elasticum (PXE, GroenbladStrandberg syndrome, OMIM 177850 and 264800) is a heritable disorder of the connective tissue affecting the extracellular matrix of the skin, the eyes, the gastrointestine and the cardiovascular system. 1 This disease is characterized by the accumulation of calcified elastic fibers, resulting in skin lesions, hypertension, retinal angioid streaks and myocardial infarcts at a relatively early age. Skin lesions are the most prevalent characteristic of PXE and consist of typical yellowish papules that coalesce into larger plaques of inelastic skin with primary predilection in the flexural sites. 2 These lesions are generally the first physical signs of the developing disease, but are more a cosmetic rather than a life-threatening manifestation. Involvement of the eyes is characterized by the appearance of angioid streaks in the retina. Pathological calcification of the elastic lamina in Bruch's membrane in the retina leads to subsequent fractures and to angioid streaks. 3 Neovascularization and bleeding from the newly formed vessels may cause varying degrees of visual impairment up to a total loss of central vision. However, total blindness is a rare complication in PXE patients. The involvement of the cardiovascular system is manifested by intermittent claudication, vessel rupture and early myocardial infarcts with increased morbidity and mortality. 4 In addition, mitral valve prolapse is a common complication in PXE patients. 5 All symptoms of PXE are highly variable, which makes the correct and fast diagnosis of this rare heritable disease very challenging.
Recently, the PXE candidate gene ABCC6 was identified and the first PXE-associated mutations were found. [6] [7] [8] [9] The ABCC6 gene consists of 31 exons and encodes a 165-kDa transmembrane protein which is one of the ATP-binding cassette subfamily C transporters, termed multidrug resistance-associated protein (MRP6). 10 The function of MRP6, which is predominantly expressed in the liver and the kidneys, remained unknown for a long time. Recent studies have tried to shed light on the transport function of MRP6, which was shown to transport under in vitro conditions the endothelin receptor antagonist BQ123 [11] [12] [13] and glutathione conjugates such as glutathione S-conjugates leukotriene C 4 . 11, 12 However, it is not yet known which molecules are transported by MRP6 in vivo and, consequently, the pathobiochemical mechanisms of PXE remain to be elucidated.
The first mutations in the ABCC6 gene were identified in the genomic DNA isolated from PXE patients, and comparative family analysis could confirm most of these mutations to be associated with the PXE phenotype. [7] [8] [9] [14] [15] [16] [17] [18] A frequent mutation detected in the ABCC6 gene in PXE patients is the nonsense mutation c.3421C4T (p.R1141X), resulting in a truncated protein that lacks the second ATP-binding domain of the native MRP6. [7] [8] [9] 19, 20 Another mutation, which is frequently found in American PXE patients, is a large deletion including exons [23] [24] [25] [26] [27] [28] [29] 17 which also leads to a loss of the second ATP-binding site of MRP6. PXE is a rare disease with a highly variable phenotype. Furthermore, it is not present at birth and symptoms are often not observed until the middle of the second decade of life. These characteristics complicate its accurate and rapid diagnosis. Several case reports are known where patients were treated for cardiac or angiological problems for many years before PXE was diagnosed. 21 The difficulties observed require the development of new diagnostic tools for the fast and reliable diagnosis of PXE. As long as no specific biochemical markers for the determination of the disease activity are available, the analysis of pathogenic mutations by means of modern molecular biological methods is a valuable tool for the diagnosis of PXE.
In this study, we have developed a rapid-cycle PCR method for the accurate and rapid allelic discrimination of the c.3421C4T mutation in the ABCC6 gene. The new DNA assay uses rapid-cycle PCR and mutation detection with melting curve analysis on the LightCycler and the Rotorgene instruments. Mutation detection with melting curve analysis is based on the detection of two adjacent oligonucleotide probes, through which fluorescence labels communicate. One of the probes is a tightly bound anchor probe and the adjacent sensor probe spans the region of the polymorphism. The detection of the mutation is performed by a postamplification melting curve analysis of the final PCR product. The sequence alteration is detected as a change in the melting temperature of the sensor probe. For a homozygous wild-type sample, a single melting peak is observed; for mixed alleles, two peaks are observed, and for a homozygous mutated sample, a single peak at a temperature different from the wild-type allele is observed. The temperature shift induced by one mismatched base is between 5 and 81C and is easily detectable.
Using our new method we analyzed the distribution of the c.3421C4T mutation in German PXE patients and blood donors using the largest collection of DNA samples from German PXE patients.
Materials and methods

Collection of DNA Samples
DNA samples were obtained from 64 unrelated German PXE patients and Westphalian blood donors (n ¼ 910). Genomic DNA was isolated from 200 ml EDTA-anti-coagulated whole blood and was purified using the QIAamp blood kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The purified DNA was eluted in 10 mM TrisHCl, pH 8.0, and was stored at -201C. If no wholeblood specimens were available, the genomic DNA was isolated from 0.5 ml of blood plasma using the QIAamp blood kit and a batch spin procedure. A PCR amplification using the actin-specific primers 5-Aktin25 (5 0 -ATCTGGCACCACACCTTCTACAA TG-3 0 ) and 3-Aktin25 (5 0 -CGTCATACTCCTGCTTGC TGATCCA-3 0 ) in a standard reaction mixture was performed for quality control of the DNA isolation. The diagnosis of PXE in all patients was consistent with the reported consensus criteria. 22, 23 The status of the PXE patients was determined by the presence of ocular findings and dermal lesions and was histologically confirmed by the observation of calcification in the elastic fibers in skin biopsies after von Kossa staining. The biopsy samples were taken from lesional skin. All members of the study were thoroughly questioned about their personal diseases, organ involvements and their family history by medical specialists. The study cohort comprises 64 unrelated patients with PXE from nonconsanguineous families with an apparently autosomal recessive or sporadic mode of inheritance of the PXE phenotype. The study was approved by the Institutional Review Board, and the PXE patients provided informed consent. The RFLP analysis of the c.3421C4T mutation in the ABCC6 gene was performed as described by Struk et al 9 with minor modifications. A 322-bp fragment containing the exon 24 sequence was amplified with the primers E24_F (5 0 -AGGTCTTCTCTGCCCTGGCT CTTC-3 0 ) and E24_R (5 0 -CTGGAATCCTGTACTTGGG GCTCTC-3 0 ). The reaction mixture contained 75 ng of the isolated genomic DNA, 25 pmol of each primer (Invitrogen, Leek, Netherlands), a 0.25 mM concentration of each dNTP, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 and 2.5 U of hot-start Taq polymerase (Qiagen, Hilden, Germany) in a final volume of 50 ml. Amplification was carried out by an initial denaturating step at 951C for 15 min, followed by 40 cycles at 941C for 1 min, 631C for 1 min, and 721C for 1 min, followed by a final extension step at 721C for 15 min. The PCR products were digested at 551C with 5 U BseLI (MBI Fermentas, St Leon-Rot, Germany) for 4 h and separated on a 4.0% agarose gel (BMA, Rockland, USA). The 3421C allele yielded 111-, 89-, 54-, 45-, 12-and 11-bp fragments and the 3421 T allele yielded 123-, 89-, 54-, 45-and 11-bp fragments.
c.3421C4T Genotyping Using an Amplification Refractory Mutation System (ARMS-PCR)
For the analysis of the c.3421C4T mutation, an ARMS-PCR assay with sequence-specific oligonucleotide primers was developed. One upper-strand primer E24Up (5 0 -ACCCCCCGCCCACCTGCT-3 0 ) and two reverse primers (E24LoWt 5 0 -CAGTGGTCCGGG CATTCC-3 0 , E24LoMut 5 0 -CAGTGGTCCGGGCATT CT-3 0 ) were designed with the 3 0 -ends of the lower primers located at the position of the mutation. For the detection of the c.3421C4T mutation, two PCR reactions were performed for each patient, one with the primers E24Up and E24LoWt and one with E24Up and E24LoMut. The reaction mixture contained 75 ng of the isolated genomic DNA, 25 pmol of each primer, a 0.25 mM concentration of each dNTP, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 and 2.5 U of hot-start Taq polymerase in a final volume of 50 ml. Amplification was carried out by an initial denaturating step at 951C for 15 min, followed by 40 cycles at 941C for 30 s, 521C for 30 sec and 721C for 1 min. The 306-bp PCR products were subjected to agarose gel electrophoresis and visualized after ethidium bromide staining. All results were verified by double-strand DNA sequencing.
Analysis of the c.3421C4T Mutation through Rapid-cycle PCR and Hybridization Analysis with the LightCycler
For the detection of the c.3421C4T mutation with the LightCycler (Roche, Mannheim, Germany), primers and hybridization probes were designed using the LightCycler Probe Design Software (Roche). In our assay a 307-bp fragment containing exon 24 of the human ABCC6 gene is amplified from human genomic DNA with the primers E24LCU (5 0 -CTCCCATCCATCCTTCT-3 0 ) and E24LCL (5 0 -CCTCGCTACCATACAATATGA-3 0 ). The detection probe (5 0 -ATTCCGAACCCAGGCCC-3 0 ) covering the nucleotide at position 3421 was 5 0 -labeled with LightCycler (LC) Red 640 and phosphorylated at the 3 0 -end (Operon, Cologne, Germay). The corresponding anchor probe (5 0 -GGCAGCACAGTGGTCCGG-3 0 ) was fluorescein-labeled at the 3 0 -end (Operon). When the probes hybridize to the same DNA strand internal of the PCR primers, the probes come in close proximity and produce fluorescence resonance energy transfer (FRET). During FRET, a donor fluorophore, which is excited by a LED light source, transfers its energy to an acceptor fluorophore only when positioned in the direct vicinity of the former. The acceptor fluorophore emits light of a longer wavelength, which is measured by the LightCycler system and is used as an internal amplification control. The reaction mixtures (20 ml) were prepared in glass capillaries according to the manufacturer's instructions containing 625 nM of the primers E24LCU and E24LCL, 150 nM of the detection and the anchor probe, 3 mM MgCl 2 , 300 mM of each dNTP, 50 ng of genomic DNA and 2 ml of the Fast Start Mix (Roche). The cycling conditions included an initial denaturation step at 951C for 2 min and 40 cycles of 951C for 1 s, 561C for 10 s and 721C for 20 s. Melting curves were generated by denaturating the reaction at 951C for 20 s followed by heating the samples from 401C to 901C with a temperature transition rate of 0.151C/s with continuous monitoring of fluorescence. The total volume of the reaction mixtures could be successfully reduced to 10 ml without any adaptation of the cycling conditions or any loss of assay sensitivity. For the use of a standard hot-start Taq polymerase (Qiagen) with the c.3421C4T LightCycler assay, the following reaction mixture was used in a total volume of 20 ml: 625 nM of each primer, 150 nM of each probe, 3 mM MgCl 2 and 300 mM of each dNTP, 50 ng of genomic DNA, 2 ml of 10 Â PCR reaction buffer and 1.25 U of HotStar Taq DNA polymerase. The cycling conditions were not modified apart from prolonging the initial denaturation step at 951C for 10 min.
c.3421C4T Mutation Analysis Using the Rotorgene Instrument
For the detection of the c.3421C4T mutation on the Rotorgene instrument (LTF, Wasserburg, Germany), the same primer and probes as in the LightCycler assay were used. In comparison to the LightCycler system, the Rotorgene also utilizes the FRET effect of hybridization probes but it does not require the use of glass capillaries. The use of normal PCR reaction c.3421C4T genotyping in PXE patients C Götting et al tubes offers advantages in a cost-effective assay design, but also requires intensive adaptation procedures of established LightCycler assays. The PCR reaction and the subsequent melting curve protocol were performed in a final volume of 25 ml containing 40 nM of the primer E24LCU, 900 nM of the primer E24LCL, 120 nM of the detection probe, 120 nM of the anchor probe, 4.5 mM MgCl 2 and 500 mM of each dNTP. A total of 75 ng of genomic DNA, 2.5 ml of 10 Â PCR reaction buffer and 0.75 U of HotStar Taq DNA polymerase (Qiagen) were added. The cycling conditions included an initial denaturation step at 951C for 5 min and 40 cycles of 951C for 30 s, 561C for 30 s and 721C for 30 s. Melting curves were generated by denaturating the reaction at 951C for 1 min followed by 30 s at 451C and then by heating the samples to 751C with a temperature transition rate of 0.21C/s with continuous monitoring of fluorescence.
Detection of Other Mutations in Exon 24 of the ABCC6
Gene Using Denaturating High-Performance Liquid Chromatography (DHPLC) Analysis DHPLC analysis was carried out on an automated HPLC device equipped with a DNA separation column (Wave System, Transgenomic, San Jose, CA, USA). Duplexes for DHPLC analysis were created by mixing PCR products from a healthy subject with the corresponding amplicon of the PXE patients. The wild-type sequence of the normal control was confirmed by double-strand sequencing. PCR products were examined for heteroduplexes by subjecting 2-7 ml of each PCR product to the reaction mixture, which was denatured for 4 min at 951C and then gradually reannealed by decreasing the sample temperature from 95 to 251C over a period of 30 min. The PCR products were then separated at a flow rate of 0.9 ml/min by means of a linear acetonitrile gradient. The column mobile phase consisted of a mixture of 0.1 M triethylamine acetate (pH 7.0) with (buffer B) or without (buffer A) 25% acetonitrile. Gradient parameters were determined based on the size and the G-C content of the amplicon. The following program was used for analysis of the exon 24 amplicons: sample loading was performed at 50% buffer B for 0.1 min, followed by a linear gradient using 50-53% buffer B for 0.5 min and followed by another linear gradient using 53-58% buffer B for 3 min and a step using 58% buffer B for 2.4 min. The column was then washed with 90% buffer B for 1 min and equilibrated with 50% buffer B for 1 min prior to loading a new sample. The temperature for the successful resolution of the heteroduplexes was determined by using the DHPLC melting algorithm of the Wavemaker software and running fragment-specific melting curves. These data revealed an optimal temperature of analysis for each melting domain of the amplicon. At least two different temperatures of analysis were used for each fragment. The PCR products that showed heteroduplexes by DHPLC analysis were sequenced. These specimens were then reanalyzed and sequenced using independently isolated DNA of that blood sample in order to avoid genotype misinterpretation due to amplification errors.
DNA Sequence Analysis
DNA sequencing was performed using the Big Dye Ready reaction sequencing kit (Perkin-Elmer, Foster City, USA) and 2.5 pmol of the sequencing primers. One of each primer used for the PCR amplification was used for sequencing. The nucleotide sequence was then established using an ABI Prism 310 capillary sequencer (Perkin-Elmer). Multiple amplicons were subjected to double-strand sequencing to compensate for misreading.
Analysis of the ABCC6del23-29 Deletion Mutation
For the analysis of the large deletion including exons 23-29 in the human ABCC6 gene, a combined PCR assay with two upper-strand primers and a universal lower-strand primer were used. The upper-strand primer Del_E22(2930)_R (5 0 -CCTGTGGGCGGACGAC-3 0 ) is located in exon 22, whereas the primer Del_In29_R (5 0 -CGGCATGACT-GAAGTGAA-3 0 ) is complementary to an intron 29 sequence which is omitted in the described deletion. The universal lower-strand primer was Del_E30(4387)_F (5 0 -AGGCGGTGGGCAATGA-3 0 ). The ABCC6del23-29 deletion allele results in a PCR product with a size of 2800 bp when using the primers Del_E22(2930)_R and Del_E30(4387)_F. However, no amplicon is generated when the primers Del_In29_R and Del_E30(4387)_F are used. The wild-type allele leads to a 900-bp PCR product with the primers Del_In29_R and Del_E30(4387)_F and no amplicon with the primers Del_E22(2930)_R and Del_E30(4387)_F under the PCR conditions used (postulated size of PCR product: approximately 19 kbp). For the detection of the ABCC6del23-29 mutation, two PCR reactions were performed for each patient. Genomic DNA from a wild-type blood donor and commercial cDNA from human liver (Clontech, San Diego, USA) were used as controls. The reaction mixture contained 75 ng of the isolated genomic DNA, 25 pmol of each primer, a 0.25 mM concentration of each dNTP, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 and 2.5 U of hotstart Taq polymerase in a final volume of 50 ml. Amplification was carried out by an initial denaturating step at 951C for 15 min, followed by 35 cycles at 941C for 30 s, at the optimal annealing temperature for 30 s and 721C for 1 min. The annealing temperature was 581C for the primers Del_In29_R and Del_E30(4387)_F and 651C for the primer set Del_E22(2930)_R/Del_E30(4387)_F. The PCR products were subjected to agarose gel electrophoresis and visualized after ethidium bromide staining.
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Statistical Analysis
Statistical analysis was performed using t-test and Kolmogorov-Smirnoff test where appropriate. The allelic frequencies were estimated by gene counting and scoring. The significance of the difference in the alleles observed between the groups was tested using w 2 -analysis. P-values of 0.05 or less were considered significant.
Results
Development of a Reliable and Rapid Assay for c. 3421C4T Genotyping
To develop a reliable and rapid genotyping method based on hybridization probe assays, two sequencespecific primers and fluorophore-labeled probes were designed (Figure 1) . The homozygous C genotype at position 3421 and the specific hybridization probes form a perfect match, resulting in a melting temperature of about 64.81C. When the homozygous T genotype is present, one mismatch occurs and the melting temperature is shifted to 55.41C. Heterozygous genotypes show two melting peaks with the corresponding melting temperatures (Figure 2) .
In order to develop a c.3421C4T genotyping assay with a broad application range, we also adapted the assay for the Rotorgene instrument. After optimization of the primer and probe concentrations in the reaction mixture, a reliable allelic discrimination with melting temperatures at 66.6 and 56.51C was possible (Figure 2) .
For the determination of the assay characteristics, two sets of 10 evaluation samples containing wildtype, homozygous mutant and heterozygous mutant genotypes were analyzed over a period of 14 days. The intra-and interassay precision of our rapidcycle assay was 100% with both the LightCycler and the Rotorgene systems. Neither shifts of the hybridization probe melting temperatures nor inaccurate melting curves of individual samples were observed during the whole evaluation period. All results were 100% in concordance with the genotypes determined by restriction endonuclease mapping, sequence-specific primer PCR and DNA sequencing, which were used as comparison methods. 
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Analysis of the c.3421C4T Mutation in PXE Patients and Blood Donors
The presence of the c.3421C4T mutation was analyzed in apparently unrelated PXE patients (n ¼ 64, aged 17-77 years, mean age 46.1714.3) and healthy controls (n ¼ 910, aged 18-65, mean age 39.7719.3). The patients' characteristics are summarized in Tables 1 and 2 . In the PXE patients, four homozygous and 25 heterozygous carriers of the c.3421C4T mutation were found. In the patients' group, no significant correlation between the presence of the c.3421C4T mutation and neither the number of affected organs nor the age of the first PXE diagnosis was observed. Only one of 910 blood donors used as controls carried this ABCC6 gene mutation and the allelic frequency of this mutation in the Westphalian population could be calculated as 0.05%.
Analysis of the ABCC6del23-29 Deletion in the German PXE Cohort
A large deletion in the ABCC6 gene, which was commonly found in PXE patients in the United
States, leads to the deletion of exons 23-29. In order to avoid a misinterpretation of the c.3421C4T genotype due to the occurrence of the ABCC6-del23-29 mutation, we investigated this deletion with a combined PCR assay as described in the Materials and methods section. None of the PXE patients was found to carry ABCC6del23-29 in either a heterozygous or homozygous state.
Mutation Analysis of Exon 24 of the Human ABCC6 Gene in German PXE Patients
In order to ensure that no further mutations in exon 24 interfered with the accurate interpretation of the c.3421C4T genotyping using the rapid-cycle assay, exon 24 of the ABCC6 gene was scanned by DHPLC in the PXE patients (n ¼ 64). The presence of the c.3421C4T mutation in either heterozygous or homozygous state could be reliably detected in all specimens with the DHPLC analysis performed. The retention pattern was found to be specific and reproducible for both the wild-type sequence and the c.3421C4T mutation. Furthermore, DHPLC analysis identified abnormal tracings in two PXE patients. Two novel single-nucleotide substitutions could then be identified in both patients suffering from PXE. The c.3389C4T mutation was present in a homozygous state in one patient and resulted in a substitution of threonine to methionine at position 1130 in the amino-acid sequence of the MRP6 protein. This patient was a 33-year-old female whose eyes and skin were affected by PXE-specific alterations and who was found to be wild type for the c.3421C4T mutation. The second novel mutation was a G-A transition at position 3341, leading to an exchange of Arg 1114 to His 1114 in the MRP6 protein in a woman, aged 61 years, with eye impairment and skin papules. The c.3341G4A mutation was present in a heterozygous state in this patient, who was identified to be wild type in the c.3421C4T genotyping. Analysis of a blood donor cohort (n ¼ 200) revealed that the mutations c.3341G4A and c.3389C4T were not present in normal controls. An alignment of the human MRP proteins using the ClustalW program identified both mutations to alter amino-acid residues which are conserved in the human MRP proteins. Neither novel mutation affected our c.3421C4T rapid-cycle assays as they did not interfere with either the amplification primers or the hybridization probes.
Discussion
In this study, we have developed a rapid-cycle assay for the determination of the c.3421C4T mutation in the ABCC6 gene, which is a frequent mutation found in European PXE patients. 15 The standard RFLP assay for the determination of c.3421C4T genotype 9 includes a PCR amplification of exon 24 using a The values shown are either mean values7s.d., or total number (percentage).
c.3421C4T genotyping in PXE patients C Götting et al block thermocycler followed by a restriction enzyme-mediated digestion of the amplicon and highresolution gel electrophoresis. The fragments' lengths are then visually analyzed by the investigator after ethidium bromide staining and the c.3421C4T genotype is derived from the occurrence of a specific restriction pattern. Analysis takes 5-6 h, requires a lot of manual interference by the technicians and can hardly be automated. Furthermore, the standard procedure requires open-tube handling of PCR products and is subject to easy contamination by displaced amplicons. Therefore, this assay is not suitable for fast and reliable routine diagnostics. Our rapid-cycle assay with subsequent melting curve analysis is a closed-tube system with a minimized risk of contamination and a low handson time, which yields reliable genotyping results within less than 45 min. We could demonstrate that our new assay is easily adaptable to other real-time PCR instruments, as, for example, for the Rotorgene instrument, and that the melting curves were comparable with those obtained with the LightCycler system. The assay precision determined was 100%, with both systems demonstrating a complete reproducibility and stability of our new c.3421C4T genotyping assay. In order to investigate the validity of our new c.3421C4T genotyping assay, we also scanned the patients' cohort for novel mutations in exon 24 and for the ABCC6del23-29 deletion. Unknown mutations that are located in the binding sites of the hybridization probe might lead to a destabilization of either anchor or sensor probe and to a shift of the melting peak in the melting curve analysis. This is a possible factor for genotype misinterpretation that has to be taken into consideration when designing a versatile rapid-cycle assay suitable for fast routine diagnostics. The ABCC6del23-29 deletion, which was found to be a common mutation in PXE patients from the United States, 15 is a 16.5-kb deletion leading to an omission of exons [23] [24] [25] [26] [27] [28] [29] . In order to avoid misinterpretation of the c.3421C4T genotype due to a loss of at least one exon 24 allele, we analyzed our cohort for the occurrence of the ABCC6del23-29 mutation. No patients were found to carry this deletion in either a heterozygous or homozygous state indicating that this mutation is not frequent in German PXE patients. These results are in accordance with a previous study from Le Saux et al, 15 who determined the allelic frequency of the ABCC6del23-29 deletion to be 4.3% in a European and 28.4% in a United States American PXE cohort. However, the absence of the ABCC6del23-29 deletion does not exclude larger deletions on chromosome 16 affecting the whole ABCC6 gene or other smaller deletions.
Further haplotype analysis and analysis of firstdegree family members would be necessary to exclude other rare genetic disarrangements and deletions. However, other studies have already shown that the investigated ABCC6del23-29 deletion is the only common deletion that was observed in PXE patients. 15 Two novel mutations in exon 24 of the ABCC6 gene were identified using DHPLC analysis. Neither mutation is situated in the binding region for the amplification primers and the hybridization probes and, therefore, they do not affect the results of our new c.3421C4T genotyping assay. The c.3389C4T mutation results in a substitution of the hydroxyl amino acid threonine to the hydrophobic amino acid methionine in the intracellular loop between the 15th and the 16th transmembrane domain of the MRP6 protein (Figure 1 ). This mutation was present in a homozygous state in one patient suffering from PXE and affects an amino-acid residue that is conserved in all human MRP proteins. The second novel mutation c.3341G4A results in a conserved exchange of the basic amino acid arginine to histidine, which also has basic properties. This mutation is also located in the intracellular loop between the 15th and the 16th transmembrane domain of MRP6, affects another residue that is conserved in the human MRP proteins and was present in a heterozygous state in a PXE patient. A G-C mutation leading to a substitution of arginine to proline at the same position of the MRP6 protein was already described to be linked to the PXE phenotype, 7 indicating the importance of this position in the amino-acid sequence of MRP6 for this disease.
The secondary structure of the MRP6 protein, which was predicted by sequence homology analysis using similar transporters from the ABC gene family, 7 shows this loop to be located near the second nucleotide binding domain and the Walker motif A. The Walker motif A is a conserved motif in ABC-type transporters and was demonstrated to be involved in the ATP hydrolysis necessary for the active transport mechanism. [24] [25] [26] Furthermore, some mutations in the ABCC6 gene, such as c.3341G4C or c.3413G4A, which are also linked to the PXE phenotype, have been found to be located in this intracellular loop. 7 The c.3421C4T mutation, which was demonstrated to be a frequent mutation in PXE patients in this study, is also positioned in this part of the MRP6 protein. The frequent occurrence of disease-associated mutations in this region of the protein is an indicator for the importance of this loop. However, the crystal structure of the MRP6 protein has not yet been solved. Consequently, further experiments using recombinant MRP6 variants will have to be performed to shed light on the significance of this loop for the biological role of MRP6.
Analysis of the frequency of the 3421 T allele in the blood donor control group revealed this mutation to be a rare variation which was only found in one of 1820 control chromosomes investigated. Trip et al 27 recently analyzed the frequency of this c.3421C4T mutation in a Dutch population and found eight heterozygous carriers within their c.3421C4T genotyping in PXE patients C Götting et al cohort consisting of 2114 control chromosomes. These divergent results indicate the potential need for a population-specific control cohort when analyzing ABCC6 gene mutations and for further investigations on the frequency of the c.3421C4T mutation in different ethnic groups. In this study, we could demonstrate that the c.3421C4T mutation is a frequent mutation in the ABCC6 gene in German PXE patients and that homozygous carriers all suffer from this disease. Heterozygous carriers of the c.3421C4T mutation were also found in a cohort of not or not yet affected relatives of PXE patients (data not shown).
Compound heterozygosity for single-base-pair substitutions in the ABCC6 gene was previously demonstrated by different groups to be associated with the appearance of the PXE phenotype. Therefore, our assay needs to be associated with other mutation screening methods in order to provide a correct diagnosis and appropriate genetic counseling in the patients' families. No significant association between the c.3421C4T genotype and the occurrence of PXE-specific symptoms or organ involvement was possible. This lack of genotype-phenotype connection is in concordance with the results from other studies, where no specific correlation between the PXE phenotype and the type or position of the mutation was found. 15 PXE is characterized by a considerable inter-and intrafamilial variability, and future studies should focus on the careful evaluation of environmental factors in order to shed light on the factors that can influence the progression of this disease. This also requires the determination of sequence variations in other genes involved in vessel and connective tissue metabolism, which might serve as modifiers in the onset of the PXE phenotype.
Cardiovascular manifestations are common in PXE patients. Myocardial infarcts occur in PXE patients at a relatively early age, 4, 28 probably due to the calcification of the internal elastic lamina of the coronary arteries. 29 Just recently, a case-control study in a Dutch population revealed that the c.3421C4T mutation in a heterozygous state is associated with a strong increase in the prevalence of coronary artery disease. 27 These results lead us to consider the determination of the c.3421C4T mutation in routine screening for cardiac risk factors. The rapid determination of risk factors is a very important feature for young patients with myocardial infarcts of unknown origin and can be effortlessly performed with our newly developed rapid-cycle assay.
In conclusion, our new c.3421C4T genotyping assays can serve as a valuable diagnostic tool for the rapid and reliable identification of this pathogenic PXE mutation. Furthermore, our method can be easily employed for routine screening of cardiac patients with coronary artery disease and myocardial infarcts of unknown origin.
